Abstract-Antibiotics are used to maintain healthy livestock and to promote weight gain in concentrated animal feed operations. Antibiotics rarely are metabolized completely by livestock and, thus, are often present in livestock waste and in waste-treatment lagoons. The introduction of antibiotics into anaerobic lagoons commonly used for swine waste treatment has the potential for negative impacts on lagoon performance, which relies on a consortium of microbes ranging from fermentative microorganisms to methanogens. To address this concern, the effects of eight common veterinary antibiotics on anaerobic activity were studied. Anaerobic microcosms, prepared from freshly collected lagoon slurries, were amended with individual antibiotics at 10 mg/L for the initial screening study and at 1, 5, and 25 mg/L for the dose-response study. Monitored metabolic indicators included hydrogen, methane, and volatile fatty acid concentrations as well as chemical oxygen demand. The selected antibiotics significantly inhibited methane production relative to unamended controls, thus indicating that antibiotics at concentrations commonly found in swine lagoons can negatively impact anaerobic metabolism. Additionally, historical antibiotic usage seems to be a potential factor in affecting methane production. Specifically, less inhibition of methane production was noted in samples taken from the lagoon with a history of multiple-antibiotic use.
INTRODUCTION
The use of antibiotics in the United States is divided almost equally between human and veterinary applications [1, 2] . At concentrated animal feed operations (CAFOs), antibiotics are used both at therapeutic levels to control disease and at subtherapeutic levels to encourage growth promotion [2] [3] [4] [5] . Commonly used antibiotics include tetracyclines, lincosamides, macrolides, sulfonamides, and trimethoprim [6] , resulting in bulk liquid concentrations in lagoons of as much as 1, 1.2, 0.005, 6, and 0.008 mg/L, respectively [7] . A significant portion of the ingested antibiotics is often excreted by both humans and animals either as the parent compounds or as slightly modified byproducts [8, 9] . At CAFOs used for swine production, excrement is commonly transferred to anaerobic lagoons intended to store and stabilize the waste. These anaerobic lagoons are designed to provide settling of manure solids and digestion of complex organics at low cost [10] . Many anaerobic lagoons at CAFOs operate in a suboptimal manner, however, leading to poor lagoon performance in terms of organic carbon conversion as well as odor generation and other related problems [11] . Because direct discharge of lagoon slurry to surface waters is not permitted, the slurry is commonly applied to fields periodically throughout the year, leading to the potential for transport of antibiotics into surface and groundwaters [12, 13] . The release of antibiotics to the environment is of considerable concern because of increased reports of antibiotics in drinking-water supplies along with unknown ef-* To whom correspondence may be addressed (adams@umr.edu).
fects of chronic exposure to antibiotics on the ecosystem and microorganisms [5, 9, [14] [15] [16] [17] .
Animal manure is a complex mixture of proteins, carbohydrates, and fats as well as various inorganic species, such as ammonia. The anaerobic conversion of animal waste is a multistep process involving a consortium of anaerobic bacteria. The initial step involves the hydrolysis of complex organics to simpler, lower-molecular-weight organic compounds followed by fermentation of volatile fatty acids, such as acetic, propionic, and butyric acids, by fatty acid-oxidizing bacteria [18] . As the terminal anaerobic digestion step, acetoclastic methanogens form methane from acetate, and hydrogenotrophic methanogens produce methane from carbon dioxide and hydrogen [18] [19] [20] [21] . Methanogens in anaerobic lagoons may be particularly sensitive to temperature [22, 23] , mixing (to allow sufficient contact of microorganisms and organics), low pH [24] , antibiotics [25, 26] , and other inhibiting compounds [11, 27, 28] . However, the greatest inhibition of low pH may be on propionic and other fatty acid-utilizing bacteria [18] . If antibiotics negatively impact any member of the methanogenic consortium, methane production will be inhibited.
Because antibiotics are typically designed to control microorganisms, the potential certainly exists that they may exert antimicrobial action on the microbial consortium of an anaerobic lagoon. Typically, both macrolides and lincomycin possess bacteriostatic action, inhibiting protein synthesis [29, 30] . Inhibition occurs by reversible binding of 50S ribosomal subunits. Tetracyclines interrupt aminoacyl tRNA interaction with the acceptor site on the mRNA-ribosome complex. This portion of the protein synthesis process is inhibited by binding of the 30S ribosome of bacteria by tetracycline synthesis. The sulfonamide class of antibiotics interrupts folic acid synthesis by competing with para-aminobenzoic acid [29, 30] . A limited number of studies have been conducted regarding the effects of antibiotics on anaerobic treatment processes generally and anaerobic lagoons specifically [18, [31] [32] [33] [34] [35] [36] . Overall, these studies tend to have conflicting findings with respect to the effects of specific antibiotics on anaerobic treatment. These studies dealt with anaerobic digesters, but the present study addressed inhibition in swine lagoons. Additionally, although some of the antibiotics chosen for the present study overlap with those in the cited studies for comparability, the present study also includes inhibition by selected sulfonamides and lincomycin, which to our knowledge has not previously been examined. Sanz et al. [31] concluded that a variety of antibiotics may interfere with different organisms within the consortia responsible for methanogenesis in the anaerobic digestion process. Their inoculum was taken from an upflow anaerobic sludge blanket reactor that was unexposed-and unacclimated-to antibiotics. Their results indicated that the macrolide erythromycin had no inhibitory effect on methanogenesis. Other antibiotics (e.g., doxycycline, tylosin, and streptomycin) had partial inhibitory effects and acted on the propionic and butyric acid-utilizing bacteria. They found that most of the antibiotics tested, with the exception of chlortetracycline and chloramphenicol, did not inhibit the acetoclastic methanogens and were only active on fatty acid-oxidizing bacteria.
Because of the common occurrence of antibiotics in CAFO lagoons coupled with the importance of anaerobic lagoon treatment processes at CAFOs, it is critical to understand the effects of commonly applied antibiotics on the performance of anaerobic lagoons. The purpose of the present study was to examine the potential impact that common veterinary antibiotics may exert on the anaerobic waste stabilization process in CAFO lagoons. The specific objectives were to conduct anaerobic microcosm studies at the laboratory scale to determine the potential impact of antibiotics on methanogenesis within lagoons.
MATERIALS AND METHODS

Chemicals
Eight common veterinary antibiotics were examined: sulfathiazole, sulfamethazine, sulfadimethoxine, lincomycin, chlortetracycline, oxytetracycline, tetracycline, and tylosin tartrate. These antibiotics were purchased from Sigma Chemical (St. Louis, MO, USA). All chemicals used were of reagent grade or better and were purchased from Sigma Chemical. A 90% N 2 :10% H 2 mix was used to produce the anaerobic atmosphere in the anaerobic glove bag.
Experimental design
Anaerobic microcosm experiments at the laboratory scale were used to evaluate the impact of antibiotics on methanogenesis by analysis of methane and volatile fatty acid production and hydrogen concentration. This work was conducted in two phases: An initial screening phase to examine the variability of effects between anaerobic lagoon slurries, and a dose-response phase to examine the effect of antibiotic dosage on potential inhibitory effects.
Lagoon characterization and sample collection
Two swine lagoons from separate CAFOs in central Missouri (USA) were selected based on the use of typical waste- (Fig. 2) . The temperature and pH values of the lagoon slurries were recorded during sampling events. Screening-study slurry samples, collected in February 2002, had pH 7.3 and temperatures ranging from 4 to 7ЊC. Samples collected and used for the dose-re-sponse slurry microcosms were collected in June and July 2002 and had pH 7.5 and temperatures ranging from 31 to 33ЊC. Lagoon operators were interviewed for the history of antibiotic usage to assess the potential for certain antibiotics to be present in each study lagoon. At lagoon A, only bacitracin methylene disalicylate was used, when necessary, for treatment of swine scours. However, lagoon B utilized a greater variety of antibiotics, including amikacin, amoxicillin, ampicillin, cephalexin, oxytetracycline, procaine penicillin, sulfadimethoxine, sulfamethazine, sulfamethoxazole, tiamulin, tilmicosin, and trimethoprim. Both lagoon operators stipulated that all antibiotics were used as prescribed by the attending veterinarian.
Swine waste slurry was collected at two different locations within each lagoon. One location was near the inlet to the lagoon and represented a short detention time. The second location was from the site estimated to have the longest retention time within each particular lagoon ( Figs. 1 and 2 ).
Microcosm preparation
For the screening study, the lagoon slurry samples used for microcosm inoculation and positive controls were collected in 1-L Nalgene bottles (Rochester, NY, USA) on the same day that experiments were initiated. Negative controls were collected 4 d before initiating a microcosm experiment and autoclaved for 30 min/d for 3 d to sterilize the slurry. All slurry samples were stored at 22 Ϯ 1ЊC and in the dark until use.
Glass serum bottles (160 ml) were used to prepare microcosms and were placed in an anaerobic glove box with a 90% N 2 :10% H 2 atmosphere to maintain a reducing environment. In each serum bottle, 95 ml of settled lagoon slurry were amended with 5 ml of one of the 200-mg/L antibiotic stock solutions (prepared in deionized water), providing a final dosage of 10 mg/L of a single antibiotic per bottle. Resazurin (final concentration, 1 g/L) was added to each bottle as an indicator of dissolved oxygen. Positive controls were prepared identically to the experimental slurries, with the exception that they were amended by 5 ml of distilled water rather than an antibiotic stock solution. Negative controls were prepared with 95 ml of autoclaved slurry, 5 ml of 200-mg/L antibiotic stock solution or distilled water, and 100 l of resazurin stock solution (1 mg/L). Each serum bottle was sealed with an oxygenimpermeable butyl rubber stopper held in place with an aluminum crimp seal. All microcosm samples and controls were incubated in the dark at 22 Ϯ 1ЊC on a mixer table to maintain the biomass in suspension.
The dose-response studies were conducted in a manner similar to the screening studies. The inoculum for the doseresponse studies was obtained from both study lagoons at the long-retention-time location. Additionally, negative controls utilized a combined inoculum from the two lagoons and were not amended with antibiotics. Dose-response microcosms were individually amended with the selected antibiotic at doses of 0, 1, 5, and 25 mg/L. The microcosm headspaces were exchanged for 100% N 2 to avoid interference with headspace hydrogen measurements. These headspace analyses were conducted at 3, 24, 168, and 336 h.
Measurement methods
The pH and lagoon temperature were measured at the time of sampling using a Corning pH meter (Corning, NY, USA) and a Traceable thermometer (Fisher Scientific, Pittsburgh, PA, USA). Each inoculum was analyzed for total COD and soluble COD at the time of sampling and at the conclusion of the microcosm experiment (336 Ϯ 2 h). Chemical oxygen demand was measured using the dichromate reactor digestion method with colorimetric detection and high-range ampoules (Method 800; Hach, Loveland, CO, USA). Soluble COD analysis was performed after sample filtration through a 0.45-m, glass-fiber filter.
Throughout the microcosm experiments, methane concentration in the 60-ml headspace above the slurries was measured using gas chromatography with flame-ionization detection (Model 3400; Varian, Walnut Creek, CA, USA). Headspace samples were obtained by insertion of a 26-gauge, stainlesssteel syringe needle through the butyl rubber stopper with a gas-tight syringe and immediately injected into the gas chromatography column (SS 80/100 Parapak Q; Supelco, Bellefonte, PA, USA) with injector, column, and detector temperatures of 100, 105, and 120ЊC, respectively. Each methane measurement was conducted in triplicate and then averaged to provide a single value for calculations. The method detection limit for methane was 13 M (210 g/L).
Headspace hydrogen concentration in microcosm bottles was measured using a reduction gas analyzer (Model 3000; Molecular Analytical, Sparks, MD, USA) with a column temperature of 105ЊC and a detector temperature of 265ЊC. In the injector port of the analyzer, 0.50 ml of headspace gas was diluted to 5.00 ml with purified nitrogen before injection into the column. Each hydrogen analysis was conducted in triplicate and averaged to provide a single value for calculations. The method detection limit for hydrogen was 0.0012 M (0.0024 g/L) after correction for dilution.
Headspace pressure was determined by insertion of a 22-gauge, stainless-steel needle connected to a pressure transducer (PX26; Omega, Stamford, CT, USA) through the serum-bottle stoppers into the headspace [37] . Each pressure measurement was replicated and then averaged to provide a single value for calculations.
Volatile fatty acid analysis was conducted using gas chromatograph/flame-ionization detector (Model 8610B; SRI Instruments, Torrance, CA, USA) with manual injection of a 1-l liquid sample onto a 15-m Nukol capillary column (inner diameter, 0.53 m; film thickness, 0.5 m; Supelco). The temperature profile used was 120ЊC initially and then raised at 8ЊC/min to a final temperature of 160ЊC. Method detection limits for acetic acid, propionic acid, isobutyric acid, and butyric acid were 0.86, 0.46, 0.61, and 0.41 mM, respectively.
Statistical analyses
Statistical analyses, including analysis of variance, were conducted using JMPIN (Ver 3 for Windows; SAS Institute, Cary, NC, USA). Confidence intervals (␣ ϭ 0.05) were calculated manually in a spreadsheet (Microsoft Excel, Redmond, WA, USA).
RESULTS
Screening study
The calculated percentage inhibition for each selected antibiotic in lagoon slurries A and B are shown in Tables 1 and  2 , respectively. The 95% confidence intervals are also shown.
At 72 h, the percentage inhibition of methane production as compared to the positive controls ranged from 7.5 to 56% in lagoon A and from 7.3 to 49% in Lagoon B for the eight different antibiotics studied (Tables 1 and 2) . At 336 h, the percentage inhibition ranged from 20 to 65% in lagoon A and c Not significant at ␣ ϭ 0.05. Fig. 3 . Dose-response curve for tetracycline at 336 h.
from insignificant to 54% in lagoon B. For three of the eight antibiotics at 72 h and for seven of the eight antibiotics at 336 h, analysis of variance showed a significant difference in inhibition between lagoons (␣ ϭ 0.05) ( Table 3 ). When the percentage methane inhibition is compared between the two lagoons at 336 h, it appears that in samples from lagoon A, with its history of low antibiotic use, methane production was inhibited to a greater degree than in samples from lagoon B, with its history of multiple-antibiotic use (Tables 1 and 2) . However, for all cases, total inhibition of methane production was not observed. Overall, lincomycin and tylosin tartrate exerted the greatest inhibition on methane production when averaged over the two different lagoons and incubation periods. Tylosin also tended to inhibit methane production more than most of the other compounds at 336 h in both study lagoons (Tables 1 and 2 ). This finding is significant in that historically, tylosin has not been administered at either study lagoon. However, tilmicosin, a structurally similar macrolide, was administered at lagoon B. This suggests that the microorganisms in both study lagoons associated with methanogenesis were more sensitive to tylosin. From the present study, however, it cannot be conclusively determined whether tylosin is simply more robust against the methanogenic consortia or whether the microorganisms simply have not had adequate opportunity to gain resistance through acclimation.
Additionally, analysis of variance was used to investigate any differences in the degree of inhibition observed for different sampling locations within the same lagoon representing short-and long-retention times. For four of the eight selected antibiotics at 72 h, but only for lincomycin and sulfamethazine at 336 h, analysis of variance showed a significant difference between locations (data not shown).
Dose-response study
In the dose-response phase of the present study, microcosms were amended with antibiotic dosages of 0, 1, 5, and 25 mg/L. These concentrations of antibiotics were selected to elucidate minimal to significant inhibition of methane production in the lagoon slurries. However, the aqueous-phase concentration of antibiotics in swine lagoons is expected to be less than the initial amended concentration used in our microcosm studies, in part because of their sorption onto lagoon solids or some other removal mechanism. Additionally, Meyer et al. [7] showed that concentrations of antibiotics in lagoons tend to range only up to approximately 1 or 2 mg/L. For the dose-response microcosms, only the long-retentiontime inoculum was collected for the dose-response work based on similarity (␣ ϭ 0.05) in methane inhibition between locations within a lagoon for the majority of samples in the screening study. Dose-response curves for tetracycline with lagoon A and B inoculum are presented in Figure 3 . These curves are typical of those observed for all the antibiotics tested. Specifically, the lowest dosage (1 mg/L) tended to provide nearly the same methane inhibition as the higher dosage (5 and 25 mg/L). Inhibition results at 336 h for all three dosages and both lagoons are tabulated in Table 4 . The 95% confidence intervals are provided, and those inhibitions that are not significant are indicated (␣ ϭ 0.05). a Not significant at ␣ ϭ 0.05. Overall, the reduction in methane production by amendment of antibiotics ranged from insignificant to approximately 50% of the methane volume formed in the positive-control slurries (Table 4 ). Even at 25 mg/L, no more than approximately half the methane production was inhibited with any of the antibiotics studied. These results illustrate that a significant portion of the methanogenic activity within an anaerobic lagoon can be maintained even in the presence of measurable amounts of antibiotics. However, a decrease in methane production indicates that waste treatment is negatively impacted.
Volatile fatty acid analyses of all microcosms at 336 h yielded only nondetectable concentrations of any volatile fatty acid. Because methanogenesis occurred in all samples, these results suggest that acetate, an intermediate of anaerobic degradation, was being formed but was not accumulating. Furthermore, headspace hydrogen analysis for all antibiotic-and nonantibiotic-amended slurries showed that hydrogen reached an apparent equilibrium concentration of approximately 0.2 to 0.4 M (0.00004-0.00008 atm partial pressure) for most samples within 72 h and was maintained at that level throughout the experimental period of 336 h. The range of hydrogen concentrations observed for all experimental bottles was 0.03 to 0.9 M. A headspace hydrogen profile is presented in Figure  4 for tetracycline-amended slurries and is typical of the results obtained. The range of hydrogen concentrations found in the present study is similar to that in methane-producing landfill samples (1.9 M) [24] , sewage digesters (1.2 M) [38] , and the bovine rumen (1.4 M) [39] . Additionally, the hydrogen concentrations achieved in the present study concur with the volatile fatty acid analysis, indicating that antibiotics did not result in uncoupling of the fermentative reactions.
DISCUSSION
For microcosms where significant methanogenic inhibition (␣ ϭ 0.05) was not observed even at higher dosages, several explanations may exist. First, a particular antibiotic simply may not exert a significant inhibitory effect on any of the bacteria responsible for methanogenesis. Second, sorption, hydrolysis, or biodegradation may have reduced the bioavailable antibiotic concentration enough to diminish the inhibitory effects of the antibiotic, thus in effect protecting the bacterial consortia. Finally, inhomogeneity within the slurry may, in some cases, have caused confidence intervals large enough to mask true inhibition.
For microcosms where significant inhibition (␣ ϭ 0.05) was observed, the present results allow some elucidation of the manner in which the inhibition may-and may not-impact methanogenesis. In all experiments, inhibition in antibioticamended slurries was typically less than 50% of the methane production compared with that measured in the positive-control slurries. Thus, methanogenesis was maintained in all cases, albeit at a reduced rate. Additionally, initial and final soluble COD analyses showed a slight COD reduction during the microcosm experiment, from which an adequate carbon and energy source for the microbial consortia may be assumed.
The present results are significant, however, with respect to lagoon operation in several regards. First, even low antibiotic concentrations appear to cause a significant, if partial, reduction in methane production. This reduction in methane production is an indicator of decreased lagoon performance. Additionally, inhibition of methane production did not increase proportionally to antibiotic dosage, because the concentrations tested were raised from 1 to 5 to 25 mg/L. Thus, if lagoon bacteria are sensitive to the antibiotics, inhibition will occur at ambient lagoon concentrations. That the inhibition plateaued from 30 to 50% for most of the microcosms is hypothesized to result from the mixed consortium of bacteria present, with varied susceptibilities to the antibiotics. Specifically, certain populations are clearly inhibited, and other populations appear to be resistant. Furthermore, the history of antibiotic usage can influence susceptibility of the microbial community in these ecosystems. For example, lincomycin and tylosin are active against Gram-positive bacteria. Of the bacteria that were identified using 16S rDNA sequences in the lagoon that has been routinely treated with antibiotics, 20% were Gram positive. In contrast, 85% of the identified bacteria in the lagoon that did not have a history of routine antibiotics were Gram positive [40] .
Because no buildup of volatile fatty acids occurred, it may be inferred that the fatty acid-oxidizing bacteria were not inhibited or, at least, were inhibited less than the rate-limiting trophic level in the consortia. Similarly, because hydrogen as well as acetate did not build up in the system, it may be inferred that the methanogens were inhibited less than the rate-limited trophic level. Thus, these data would suggest that the ratelimiting step might be the initial fermentation step of anaerobic metabolism. This, however, is contrary to the idea that the microorganisms responsible for hydrolysis of the complex organic compounds to lower-molecular-weight volatile fatty acids are generally robust compared with the methanogens.
CONCLUSION
In the present study, methane inhibition tended to plateau rapidly at between 20 and 45% for all antibiotics tested regardless of antibiotic dosage (between 1 and 25 mg/L). These results are consistent with those of Sanz et al. [31] , who also observed this plateau effect in the same range of inhibition (25-45%) for a suite of antibiotics (ampicillin, novobiocin, penicillin, kanamycin, gentamicin, spectinomycin, streptomycin, tylosin, and tetracycline). Thus, these experiments suggest that only partial inhibition of methanogenic activity in anaerobic lagoons may be likely, even with antibiotic dosages greater than those typically found in CAFO lagoons. However, partial inhibition also occurs and may significantly impact the efficient operation of lagoons with respect to COD conversion as well as tangential issues of odor production, nutrient release, and sensitivity to other process factors (e.g., temperature and pH). Furthermore, historical use of antibiotics also influences the inhibition of methane production. The lagoon with less antibiotic exposure had the greater inhibition of methane production. Furthermore, tylosin, an antibiotic that was not used in either studied lagoon, exerted the highest inhibition on methanogenesis.
